Introduction
In 1976, Hunter, Haworth and Southard (1) demonstrated that bovine heart mitochondria respond to the elevation of the concentration of exogenous Ca 2+ ions to high levels by opening a non-specific channel, now known as the mitochondrial permeability transition pore (PTP). In consequence, the mitochondria took up water, their cristae became swollen and their membranes were disrupted. Since then, these observations have been replicated in mitochondria in situ in many cell types, and, in addition to elevated Ca 2+ ion concentration, other effectors of opening of the PTP have been identified, including phosphate, adenine nucleotide depletion, and thiol oxidants (2) . Today, it is well established that the opening of the PTP disrupts ion homeostasis and the synthesis of ATP, and the mitochondrial membranes lose their integrity, leading to cell-death (3) . The PTP in isolated mitochondria can be opened experimentally by the introduction of thapsigargin (4) , an inhibitor of the Ca 2+ -ATPase in the sarcoplasmic and endoplasmic reticula, at high non-specific concentrations. In cultured human cells the PTP can be opened by providing a route for ingress of exogenous Ca 2+ ions by permeablizing the plasma membrane either with ionophores such as ferutinin (5), or with the mild detergent digitonin (6) . The cytoplasmic Ca 2+ ions are taken up into the mitochondrial matrix by the Ca 2+ -uniporter (7, 8) , a component of the inner membrane, and when the total concentration of Ca 2+ ions in the mitochondrial matrix is sufficiently elevated, the PTP opens. A characteristic feature of the PTP is that its opening can be inhibited by cyclosporin A (9) via the binding of the drug to cyclophilin D (10) (11) (12) (13) . Cyclophilin D is a 4 prolyl cis-trans isomerase found in the mitochondrial matrix, and it is considered to interact with and modulate the PTP rather than being an integral component (14) .
The opening of the PTP and the associated effects have been linked to human diseases including cardiac ischemia, neurodegeneration, cancer and muscle dystrophy, and thus knowledge of the proteins that form the PTP has considerable medical relevance (15) . Several proposals have been made about possible protein constituents of the PTP including the ADP/ATP translocase, which is the predominant transport protein in the inner membranes of mitochondria, and the voltage dependent anion channel found in the outer membrane of the organelle, but neither of these proposals has withstood scrutiny (16, 17) . A further proposition, that another component of the inner mitochondrial membrane, the AAA-protease, SPG7, participates in formation of the PTP, has been disputed (18, 19) (AAA is ATPase associated with diverse cellular activities, and SPG7, paraplegin matrix AAA-peptidase subunit). Yet another proposition, investigated here, is that the PTP is associated with the dimeric ATP synthase complex (20) , another abundant constituent of the inner mitochondrial membrane.
Each monomer of the dimeric mammalian complex is an assembly of 28 proteins of 18 different types organised into two domains (Fig. 1) . The F 1 -catalytic domain sits above the membrane domain, and the two domains are linked by the central stalk (subunits γ, δ and ε), and by the peripheral stalk (subunits OSCP, or oligomycin sensitivity conferral protein, b, d and F 6 ) (21).
The OSCP has been proposed to provide the site of interaction of the PTP with cyclophilin D (20) .
If the PTP is associated with the ATP synthase complex, it seems likely that it will involve one or more of the membrane subunits of the enzyme. One specific proposal, that the PTP is provided by a ring of eight c-subunits in the membrane sector of the enzyme's rotor (22, 23) has been disproved in a clonal cell line where the three genes encoding the c-subunit have 5 been disrupted (24). Although these cells are incapable of making the c-subunit, the characteristic properties of the PTP persist (24). Another possibility that two other membrane components of the ATP synthase, subunits a (or ATP6) and A6L (or ATP8) might participate in the formation of the PTP has been disproved also; in human ρ o -cells, which lack the mitochondrial genome, and therefore are devoid of both subunits, the PTP persists (24, 25).
Here, we have tested the possible participation of the b-subunit in the PTP. This subunit has two transmembrane α-helices that help to hold the a-subunit against the c-ring ( of exons I and introns A in ATP5F1 and ATP5O genes were selected (see Fig. S1 and Table   S1 ). Each pair was introduced independently into HAP1-WT (wild-type) cells, and clones arising from single cells, identified as having expressed Cas9, were screened for the absence of either subunit b or the OSCP. In this way, HAP1-Δb and HAP1-ΔOSCP cells, lacking subunit b or the OSCP, respectively, were identified (Fig. 2) . Analysis of the DNA sequences in the regions of the human genome where ATP5F1 is found in HAP1-Δb, and ATP5O in HAP1-ΔOSCP (Table S2 and Characteristics of HAP1-Δb and HAP1-ΔOSCP Cells. The HAP1-Δb and HAP1-ΔOSCP cells grew more slowly than the HAP1-WT cells (Fig. S2A) , and the copy number of mitochondrial DNA was reduced by 8% in the former and by 30% in the latter (Fig. S2B ).
Relative to HAP1-WT cells, the levels of complexes I, III and IV, but not of complex II, were reduced in both derivative cell lines (Fig. S2C) , and hence they have a lower respiratory capacity ( Fig. S2D and S2E ). Datasets S3 and S4) confirmed the findings with the purified vestigial complexes, but also in the mitoplasts from both cells, significant but low levels of peripheral stalk subunits (F 6 and OSCP in HAP1-Δb, and F 6 in HAP1-ΔOSCP cells) remain. In addition, supernumerary subunits (e, f, g, DAPIT and 6.8PL) and ATP8 were present at low levels in HAP1-ΔOSCP cells.
The most surprising aspect of these quantitative mass spectrometry analyses was that they provided evidence for the presence at low levels (0.6%, based on peptide intensities) in M1, or whether indeed IF 1 -P is capable of inhibiting ATP hydrolysis. In the bovine inhibited complex, the inhibitory region of mature IF 1 from residues 21-50 forms an α-helix that occupies a deep groove in the catalytic interface between the α DP -and β DP -subunits; residues 14-18
interact with the coiled-coil region of the γ-subunit via a short α-helix; residues 8-13 form an extended structure; residues 1-7 are disordered and they extend into the central aqueous cavity of F 1 -ATPase (38, 39). The mode of binding of IF 1 -P to the sub-complex is not known, but it seems possible that the presence in IF 1 -P of the additional twenty-four N-terminal residues might impede binding of the protein to the site occupied by mature IF 1 in the inhibited complex.
The removal of either subunit b or the OSCP destabilises the peripheral stalk, and none of its four constituent subunits (OSCP, b, F 6 , and d) nor the associated ATP8 subunit, is present in the vestigial sub-complex from HAP1-ΔOSCP cells, and also in HAP1-Δb, except that traces of the OSCP were detected. In the absence of the peripheral stalk and ATP8, ATP6 no longer has any support to maintain it in contact with the c 8 -ring (26-28). Therefore, ATP6, and the supernumerary subunits (e, f, g, DAPIT and 6.8PL) associated with ATP6 and the membrane domain of subunit b, are also absent from the sub-complex (Fig. 6 ). As depicted in Fig. 1 , subunit f is probably associated with subunits ATP6 and ATP8 (27), and in the dimeric complex, subunits e and g probably form the interface between monomers, with subunits DAPIT and 6.8PL together in a more peripheral position, relative to the dimer interface.
Clearly, this dimer interface is not present in the vestigial complexes from HAP1-Δb and HAP1-ΔOSCP cells. However, subunits e, f and g (and other supernumerary subunits) are still present in the mitoplasts of HAP1-Δb and HAP1-ΔOSCP cells, albeit at reduced levels relative to HAP1-WT cells (Fig. S5) . In native gels of digitonin extracts of mitoplasts (Fig. 7) , although there was no evidence for a separate sub-complex, monomeric or dimeric, involving subunit g, it remains possible that such a sub-complex was present in the mitoplast membranes, and that it was disrupted by the conditions of extraction with digitonin. As noted before, dimers of the integral dimeric ATP synthase itself can become disrupted artefactually by this process (24, 40). Therefore, in order to eliminate any possibility of the participation of subunits e and g (and subunits f, DAPIT and 6.8PL) in forming the PTP, it will be necessary to remove each of them by gene disruption experiments and to examine the consequences of doing so.
Materials and Methods
Human HAP1 and mutant cells derived from them were grown under standard conditions.
Oxygen consumption rates were measured in a Seahorse XF24 instrument. ATP5F1 and 
